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ABSTRACT: We report the results of extensive exploratory work in the Eu—Cr—
As compositional space that led to the identification of hitherto unknown phase
EuyCr ¢As;o. Its tetragonal crystal structure (space group P4,/mnm; a =
15.2761(6) A and ¢ = 14.6014(8) A) was established via single-crystal X-ray
diffraction methods and boasts a high degree of complexity. The asymmetric cell
consists of 21 symmetry-independent positions, including four Eu, nine Cr, and
eight As, which account for a total of 176 atoms per unit cell (Pearson symbol
tP176), with all atomic sites found to be fully occupied and with no indication of
crystallographic disorder. Most of the Cr atoms are coordinated to five As atoms,
and the CrAsg square-pyramids share common faces, edges, and corners to form an
intricate array featuring a variety of Cr—Cr interactions. The temperature
dependence of the magnetic susceptibility of polycrystalline EugCr ¢As g is suggestive of a multifaceted magnetic structure that is yet
to be determined. There are several observed transitions, and it is unclear which ones are contributed from the ordering of the Cr or
Eu moments. In the paramagnetic regime, the calculated effective magnetic moment is close to the free-ion value of Eu**. Electronic
structure calculations confirm that EuyCr ¢As,g is a metallic system with a sizable reduction of the magnetic moments on the Cr
atoms in their ground state.
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Bl INTRODUCTION

Arsenides of the transition metals are extensively studied for
their rich physical properties, such as unusual magnetism and/

magnetic properties.'°~"? All three members, AECr,As, (AE =
Sr, Ba, Eu), crystallize in the tetragonal ThCr,Si,-type
structure. This atomic arrangement is known for the
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or unconventional superconducting behavior." Chromium
arsenides, specifically, have garnered significant attention.””’
For example, binary compound CrAs, which adopts an
orthorhombic MnP-type structure, exhibits a noncollinear
antiferromagnetic (AFM) ground state. Under external
pressure exceeding 0.8 GPa, the AFM order is suppressed,
giving rise to superconductivity at approximately 2 K.*°
Beyond binaries, a family of quasi-one-dimensional (quasi-1D)
Cr-based superconductors, A,Cr,As; (A = Na, K, Rb, Cs),>>>’
has been discovered, exhibiting superconductivity at ambient
pressure with a maximum superconducting transition temper-
ature (Tc) of 8.6 K. These compounds crystallize in a
hexagonal structure, characterized by infinite [Cr;As;]*”
double chains separated by the alkali metal cations. Notably,
as the ionic radius of A" increases from Na* to Cs*, T
systematically decreases from 8.6 to 2.2 K.»*>’ Theoretical
studies suggest that these quasi-1D Cr-based systems are in
close proximity to a novel in—out coplanar magnetic ground
state, with superconductivity intimately linked to the under-
lying magnetism.”

In addition to these superconducting arsenides, another
family of ternary Cr-based compounds displays a range of
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alternating CrAs layers composed of fused CrAs, tetrahedra,
interleaved with AE layers along the c-axis. SrCr,As, and
BaCr,As, exhibit itinerant G-type AFM ordering with
remarkably high Neéel temperatures of 590 and 580 K,
respectively.'”'” In comparison to its alkaline-earth metal
analogs, EuCr,As, demonstrates a more complex magnetic
behavior due to competing ferromagnetic (FM) and AFM
interactions."'

Besides the ternary chromium arsenides mentioned
above,” >"?!%!* there are also a few examples of lanthanide-
containing Cr-based phases, which have been studied.'""”
Quaternary systems with mixed As*~, O*7, and/or H™ anions
also appear to have been investigated in the past, albeit
sparsely. Considering the very large phase space available and
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the uptick in research interest in Fe-based arsenides, it is
surprising that there are not more Cr-containing arsenides
reported to date. Therefore, we sought to uncover unreported
phases in these systems by undertaking exploratory work, and
here, we present the first results from these studies—this
article discusses the crystal structure and physical properties of
EuyCr ¢As,q, a ternary Cr-arsenide containing europium, which
can be considered as a “complex metallic alloy” (CMA)."* In
addition to the comprehensive structural characterization that
was carried out based on single-crystal X-ray diffraction data,
we also present preliminary data on the electronic structure
and physical properties.

B EXPERIMENTAL SECTION

Synthesis. Single crystals of EuyCr 4As,o were grown by the Sn
flux method, and polycrystalline samples were made via solid-state
direct reactions. All work was carried out under a protective inert
atmosphere or under vacuum. The elements Eu, Cr, As, and Sn were
purchased from Sigma-Aldrich and Alfa-Aesar with a purity of >99.9
wt % (metal basis). In the optimized flux-growth experiment,
elemental mixtures were loaded in a 2 mL alumina crucible (with
the ratio Eu/Cr/As/Sn = 10:16:22:40). Weighing of all elements was
done in a glovebox filled with argon gas and actively controlled
atmosphere (residual O, and H,O below 1 ppm). The crucible was
then topped with a piece of quartz wool and sealed in an evacuated
fused silica tube. The sealed tube was then put into a muffle furnace
for heat treatment as follows: (1) heating to 1123 K (rate 100 K/h);
(2) equilibration at this temperature for 24 h; and (3) cooling to 873
K (rate 3 K/h). At that point, the tube was taken out from the muffle
furnace, and the Sn flux was immediately separated from the
crystalline material with the use of a centrifuge. Note that high-
temperature centrifugation is associated with a risk of burns and must
be performed with proper personal protective equipment: fireproof
clothing, heat-resistant gloves, and a face shield. After that, the tube
was transferred back to the glovebox and opened.

Polycrystalline sample of EugCr 4As,o was synthesized by fusing the
respective elements. A stoichiometric elemental mixture (total weight
approximately 1 g) was put into a fused silica tube, which was
subsequently evacuated and flame-sealed. The tube was then heated at
1223 K for 24 h before cooling to 873 K at a rate of 3 K/h, followed
by cooling to room temperature at a rate of 100 K/h.

Structural Characterization. Powder X-ray diffraction (PXRD)
measurements were taken at room temperature on a Rigaku Miniflex
diffractometer (filtered Cu Ka radiation, 4 = 1.5418 A). Small
portions of the obtained samples were ground into a powder using
agate mortars and pestles. The data were collected between 20 and
60° in 26 with a step size of 0.02° and 1 s per step counting time.
PXRD measurements before and after exposure to air over 2 weeks
were taken to confirm the stability of the phase in ambient conditions
over this period of time (Figure S1). Considering the complexity of
the crystal structure and large unit cell, Rietveld refinements were not
feasible on the available PXRD data.

Suitable single crystals were selected and were cut under dry
Paratone-N oil to appropriate dimensions (<0.10 mm). After that,
crystals were scooped by MiTeGen plastic loops and transferred to
the goniometer of a Bruker APEX III diffractometer equipped with
monochromatized Mo Ka radiation, 4 = 0.71073 A. Many crystals
were screened by rapid scans before the best one was found. During
the data collection, the crystal was kept under a stream of cold
nitrogen (200(2) K). The data were collected and processed with the
software packages supplied by Bruker."> The crystal structure was
solved by the intrinsic phasing method using SHELXT and refined by
full-matrix least-squares methods on F* with SHELXL.'*"” Atomic
coordinates were standardized using the STRUCTURE TIDY
program.'® Selected details of the data collection are given in Table 1.

Elemental Microanalysis. Metallographic analyses and elemental
mapping were conducted on several crystals of EuyCri4As;y from
different batches to confirm their elemental compositions and the
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Table 1. Details of the Data Collection for EuyCr4As,o (T =
200(2)) K; Mo Ka, A = 0.71073 A; Space Group P4,/mnm
(No. 136), Z = 4

chemical formula EuoCr ¢Aso
fw/g mol™! 3623.12
a/A 15.2761(6)
c/A 14.6014(8)
V/A3 3407.4(3)
measured reflections 25501
independent reflections 2333

P/ cm™ 7.06

u (Mo—Ka)/cm™ 394.5

R, (I > 200" 0.0246
wR, (I > 200))" 0.0447

AP paymin/e AT 1.43, —1.33

“Ry = YNl — IFJl/ YIFyl; wR, = [ Y. [w(F,? — F2)*]/ X [w(F,»)*11"?,
where w = 1/[6*F,* + (0.0060P)* + 38.3558P] and P = (F,* + 2F.%)/
3.

uniform distribution of the elements. The crystals were mounted on a
carbon tape glued to an aluminum holder. The analyses were
performed on an Auriga 60 Cross Beam Scanning Electron
Microscope (SEM), equipped with an Oxford Instruments X-
MAXS80 energy-dispersive (EDX) spectrometer. The beam current
was 10 pA at 20 kV accelerating potential. Data were collected over
several spots, and the observed elemental proportions were consistent
from sample to sample and were in agreement with the single-crystal
X-ray diffraction work. The EDX result, SEM image, and elemental
mapping figures are shown in Figure 1.

Electronic Structure Calculations. The electronic structure of
EugCr¢As;g was evaluated using the Stuttgart TB-LMTO-ASA
1920 within the local spin density approximation (LSDA). The
von Barth-Hedin type of the LSDA functional was employed.*' Empty
spheres were introduced to satisfy the atomic sphere approximation
(ASA). The Eu 4f orbitals were treated as core states. Initial spin
polarization was applied to the Cr 3d states. For the final calculations,
the Brillouin zone was sampled with an k-point step of about 0.07 A™".

Magnetic Susceptibility Measurements. Temperature- and
field-dependent magnetic measurements were carried out using a
Quantum Design SQUID magnetometer MPMS3 in the temperature
and field ranges of 2—300 K and 0—7 T, respectively. Approximately
4S5 mg of a polycrystalline EugCr ¢As;y sample was used, and it was
enclosed in a gel cap. The y(T) measurements were conducted in
both zero-field-cooled (ZFC) and field-cooled (FC) modes. For the
ZFC mode, the sample was cooled without applying a magnetic field;
at the base temperature, a magnetic field was applied, and the
magnetization was measured during the warming cycle. For the FC
mode, after the application of a magnetic field, the magnetization was
measured during the cooling cycle. For every measurement, the
magnetic field was oscillated to zero before each measurement to
minimize residual magnetic flux trapped in the superconducting
solenoid.

Transport Property Measurements. High-temperature Seebeck
coefficient measurements were carried out using the integral method,
and a constantan wire was used as a reference on an SB-100 module
MMR Tech. instrument. Multiple crystals (of appropriate geometry)
from different batches were measured; each specimen was mounted
on the platform by using a high-purity silver conductive paint
interfaced with the probe by using the same silver conductive paint.
During the whole process, the samples were exposed to air for only a
very short duration of time. Data were gathered for temperatures
ranging between 300 and 460 K, under a vacuum. To ensure the
reproducibility of the results, the measurements were carried out in a
heating and cooling mode cycle and repeated three times.

https://doi.org/10.1021/acs.chemmater.5c02660
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Figure 1. Scanning microscopy image (SEM), X-ray energy-dispersive spectrum, and elemental maps from EDX showing well-dispersed and
homogeneously distributed Eu (purple), Cr (green), and As (blue) in EuyCr;4As,o. The elemental analysis for EuyCr 4As,, yields the following
values: 19.8 (Eu), 35.9 (Cr), and 44.4 (As), which are very close to those based on the chemical formula: 20.4 (Eu), 36.4 (Cr), and 43.2 (As). All

quoted numbers are in atomic %.

B RESULTS AND DISCUSSION

Synthesis. EuCr,As, is the only example of ternary Cr-
arsenide with europium that was known prior to this study.''
EuCr,As, can reportedly be easily synthesized by a solid-state
reaction. At the same time, there are a number of reported
binary Cr-arsenide®®***™>* and Eu-arsenide””>® phases, Figure
2, although some of them appear to be accessible from high-
pressure experiments.

Looking for new materials, we initially carried out a reaction
with the elemental ratio Eu/Cr/As = 1:1:2, expecting to obtain

EuSCrwAs,;
\ . A* / \
\EuCrsAs,

1.00
0.00 = ~ < Eu
Cr1.00 0.75 0.50 0.25 0.00

Figure 2. Schematic view of the compositional Eu—Cr—As diagram.

EuCrAs, analogous to the EuZnSb, phase we identified not
too long ago.”” This experiment yielded a few crystals that did
not give diffraction patterns matching anything in the
crystallographic databases; however, the crystal quality was
not optimal, and this made the structure analysis through
single-crystal X-ray diffraction methods difficult. The prelimi-
nary structural analysis of the sample resulted in an
approximate chemical formula with much higher Cr contents.
The complementary EDX spectroscopy results confirmed the
atomic ratio close to the chemical formula from the SCXRD
results (Figure 1).

Based on the approximate 1:2:2 ratio, we then carried out
the Sn flux reaction described in the Experimental Section in
order to grow better crystals. Indeed, such experiments were
successful, allowing for the growth of crystals with a size of up
to ca. 1 mm. The elemental mapping analyses of the crystals
confirm that Sn is not in the chemical makeup of the
synthesized materials and that the three elements are uniformly
distributed homogeneously (Figure 1).

We should note that trial experiments to replace Sn- with
Pb-flux were unsuccessful in producing the desired phase, likely
because the solubility of Cr in liquid Pb at 1123 K is essentially
zero. Similarly, attempts at analogues with Sb and Bi instead of
As (and with different flux growths) were also unsuccessful.
Keeping in mind the close ionic radii of Eu** (1.39 A for CN
8) and Sr** (1.40 A for CN 8),°® an experiment to synthesize
SryCr4As;9 was also set up. The same heating procedure and

https://doi.org/10.1021/acs.chemmater.5c02660
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameter (U,)“ for EuyCr4As; from a Refinement of

Single-Crystal X-ray Diffraction Data

atom Wyckoff site x y z Ueq/f\2
Eul 16k 0.07334(2) 0.33380(2) 0.19433(2) 0.0063(1)
Eu2 8j 0.13499(2) x 0.29851(3) 0.0091(1)
Eu3 8j 0.34649(2) x 0.25294(3) 0.0071(1)
Eu4 4 0.41951(3) x 0 0.0093(1)
Crl 16k 0.08341(6) 0.53109(6) 0.09210(7) 0.0053(1)
Cr2 8i 0.07060(9) 0.7277(1) 0 0.0065(1)
Cr3 8i 0.10719(9) 0.23095(9) 0 0.0041(1)
Cr4 8i 0.2121(1) 0.36501(9) 0 0.0069(1)
CrS 8i 0.22551(9) 0.57362(9) 0 0.0062(1)
Cr6 4g 0.1053(1) * 0 0.0061(1)
Cr7 4g 0.2545(1) % 0 0.0062(1)
Cr8 4f 0.06711(9) x 0 0.0047(1)
Cr9 4e 0 0 0.1401(1) 0.0060(1)
Asl 16k 0.00313(4) 0.16640(4) 0.11588(4) 0.0051(1)
As2 16k 0.17300(4) 0.33672(4) 0.37423(4) 0.0057(1)
As3 16k 0.23363(4) 0.46828(4) 0.13142(4) 0.0059(1)
As4 8j 0.23291(4) x 0.11120(6) 0.0057(2)
AsS 8i 0.04171(6) 0.39463(6) 0 0.0044(2)
As6 4g 0.37539(6) ® 0 0.0060(1)
As7 4e 0 0 0.31551(9) 0.0090(1)
As8 4d 0 1/2 1/4 0.0046(1)

“U,q is defined as 1/3 of the trace of the orthogonalized Uj; tensor.

molten Sn as a flux were utilized, but the outcomes were @ o o @ e O

different; the resulting phase(s) is(are) still unidentified. . 220 ¢ 999 Ro—t

Crystal Structure. Detailed analysis of the single-crystal X-
ray diffraction pattern was consistent with tetragonal
symmetry, and the reflection conditions 0kl for k + | = 2n,
0kO for k = 2n, 001 for I = 2n, hOl for h + [ = 2n, and h0O for h =
2n suggested only three possible space groups: P4,/mnm (No.
136), P4n2 (No. 118), and P4,nm (No. 102). Generation of
the initial model was successful in the centrosymmetric space
group P4,/mnm (No. 136). The complex crystal structure
consists of a total of 21 crystallographic unique positions
including four Eu, nine Cr, and eight As positions (Table 2),
accounting for a total of 176 atoms per unit cell (Pearson
symbol tP176). All positions were found fully occupied, with
all refined atomic displacement parameters being nearly
isotropic (Table 2). Final refinements yielded a flat difference
Fourier map and low conventional residual factors (Table 1).

A schematic projection of the complex crystal structure of
EuyCr ¢As,q, viewed down the [100] direction, is presented in
Figure 3. There is no precedent for such a structure in the
databases, meaning that this is the first time this atomic
arrangement is being described. The structure can be
considered as consisting of alternating thick (ca. 4 A) slabs
that are stacked along the [001] direction. While the slabs
centered at approximately z = 1/4 and z = 3/4 consist of only
Eu and As atoms, the ones centered around z = 0 and z = 1/2
are much more complicated and host all three types of atoms.
Next, we describe each of them separately.

Figure 4 shows the slab that hosts all atoms, viewed down
[001], where in panel a, we show only the topology of the Cr
sublattice, and in panel b, we show only the Cr and As
connectivity. For the sake of clarity, Eu atoms (Eu4) are
omitted from the figure. The main structural unit can be
immediately recognized, a square-pyramid of As atoms
centered by the chromium atoms, which are typically found
just above the base of the pyramids. This is the dominating
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Figure 3. Crystal structure of EuyCri¢As;y in ball-and-stick
representation, viewed in the [100] direction. The blue, green, and
red colors represent Eu, Cr, and As atoms, respectively. The cylinders
represent Cr—As contacts (<2.7 A) and Cr—Cr contacts (<2.8 A).

coordination mode of the Cr atoms (CN S) with the exception
of Cr6 and Cr8, which only have four nearest As neighbors.
The latter, however, are not tetrahedrally positioned around
the Cr centers (vide infra).

From the intricate topology of the Cr sublattice (Figure 4a),
one might infer that the resultant Cr-centered square-
pyramidal units must be joined in a very complicated manner
(Figure 4b). Indeed, the CrAs; pyramids share common faces,
edges, and corners to form an array in the ab-plane. There are
two notable “protrusions” denoted with yellow shading in
Figure 4b. The first protrusion from the slab is the tetramer

https://doi.org/10.1021/acs.chemmater.5c02660
Chem. Mater. 2025, 37, 9597—9608
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(a)

Figure 4. Cr sublattice in the crystal structure of EuyCrj¢As;o (a); A combined ball-and-stick and polyhedral representation, showing the
arrangement of fused square-pyramidal units (b). Cr6 and Cr8 are in a nearly square-planar coordination by As atoms. The chromium polyhedra
shaded in yellow have As vertices that protrude into the Eu slabs above and below the Cr—As layers. Both panels are projections approximately
down the [001] direction. The green (yellow) and red colors represent Cr and As atoms, respectively. The cylinders represent Cr—As contacts

(dcy—as < 2.7 A) and Cr—Cr contacts (dc,_c, < 2.8 A).

made up of four symmetry-equivalent Crl atoms, where two
[CrAs;] subunits share their triangular faces in the ab-plane;
through further edge-sharing they are connected in an
orthogonal direction (Figure Sa). The second is a “double-

(b)

Figure 5. Close-up view of the tetrameric unit made up of four
CrlAs; pyramids (a). Close-up view of the hexameric unit made up of
two Cr9As; pyramids, two Cr6As,, and two Cr8As, square fragments
(b). The green and red colors represent Cr and As atoms,
respectively.

pyramidal unit” which is the construct of two [Cr9As;]
pyramids facing in opposite directions along [001], which are
bridged by two Cr6 and two Cr8 atoms.

One should notice that both the Cr6 and Cr8 atoms are
coordinated to As atoms in nearly square-planar geometry
(Figure 5Sb), although the actual coordination number of the
Cr6 and Cr8 atoms is higher than 4 due to the close proximity
of Cr neighbors. A similar coordination environment of a Cr
atom exists in the structure of the binary phase Cr,As; (Figure
$3).>® We further note that examples of solid-state structures
with Cr atoms in (near) square-planar coordination are not
common; with the Cr**—based silicate pigments reported by
Subramanian et al,’” being among the most widely known
square-planar cases.

The range of Cr—As distances in EuyCr 4Asg is wide. The
Cr—As distances for the Cr atoms with CN § range from ca.
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242 to ca. 2.68 A (Table 3). The longest dc,_,, are the
distances from Cr to the apical As atoms. The average dc,_,,

Table 3. Selected Interatomic Distances (A) in EuyCr,¢As;o

atom 1 atom 2 distance atom 1 atom 2 distance
Crl As2 2.536(1) Cr8 Asl (4x) 2.474(1)
As3 2.553(1) Cr9 (2x) 2.507(2)
AsS 2.561(1) Cr3 (2x) 2.577(2)
AsS 2.598(1)
As8 2.677(1) Cr9 As7 2.561(2)
Crs 2.635(1) Asl (4x) 2.567(1)
Cr8 (2%) 2.507(2)
Cr2 As2 (2x) 2.465(1)
AsS 2.537(2) Eul As8 2.8917(3)
Asl (2x) 2.598(1) Asl 3.0009(7)
Cr6 2.606(2) AsS 3.0252(5)
As2 3.0353(7)
Cr3 As4 (2x) 2.515(1) As4 3.1288(7)
Asl (2x) 2.522(1) As3 3.1800(7)
As5 2.693(2) As3 3.3253(7)
Cr8 2.577(2)
Cr4 2.600(2) Eu2 As7 2.9274(3)
As6 2.9510(5)
Cr4 As3 (2x) 2.505(1) As2 (2x) 3.3247(7)
As4 (2x) 2.610(1) Asl (2x) 3.3759(7)
AsS 2.642(2) As3 (2x) 3.4004(7)
Cr3 2.600(2) As4 3.4569(9)
Crs As6 2.418(2) Eu3 Asl (2x) 3.0707(7)
As3 (2X) 2.508(1) As3 (2X) 3.0954(7)
As2 (2x) 2.566(1) As2 (2x) 3.1912(7)
Crl (2x) 2.635(1) As4 3.2102(8)
Cr7 2.662(2) As7 3.4634(5)
Cr6 Asl (4x) 2.545(1) Eu4 As6 (2x) 3.205(1)
Cr2 (2x) 2.606(2) As7 (2%) 3.206(1)
As3 (4%) 3.5066(7)
Cr7 As2 (4x) 2.558(1)
As6 2.611(2)
CrS (2x) 2.662(2)
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value of 2.55 A matches almost perfectly the sum of the
elemental radii (r¢, = 1.39 A; r,, = 1.19 A),* indicative of the
presence of strong covalent bonding. For the two Cr atoms
with CN 4, the d¢,_,, contacts are in the much narrower range
from 2.48 to 2.55 A (Table 3). The average value of the Cr—As
distances in EugCri4As;y is comparable with the dc,_,, =
2.50(1)=2.55(1) A in Cr,As,” and dg,_,, = 2.53(1)—2.56(1)
A in CriAs;”* The structures of these binaries are with the
tetragonal space group P4/nmm (Figure S2a) and the
orthorhombic space group Pnma, respectively (Figure S2b),
and feature Cr atoms with CN 5 in pyramidal geometry.
Another relevant example is the previously mentioned
structure of Cr,As; (space group Cm), in which seven of the
eight crystallographically unique Cr atoms are either
pyramidally or octahedrally coordinated by As (Figure $3).*
The average dc,_, values in the Cr,As; structure are 2.49(1) A
for CN 4, and increase to dc,_, = 2.53(1) A for CN 6. In
EuCr,As,,'" the only other ternary europium chromium
arsenide (Figure S4), dc,_,, = 2.46(1) A. One should notice
that in the latter structure, all Cr atoms are tetrahedrally
coordinated by As.

The slabs that host all of the Cr and most of the As atoms
also host the Eu4 atoms, as shown in Figure 6. The
coordination environment is with CN 8 in the form of a
square antiprism, with some of the Eu—As distances as long as
the Eu4—Eu4 separation, which measures 3.478(1) A.

Figure 6. Local coordination environment of the Eu4 atoms. Eud—
Eu4 separation is ca. 3.48 A.

The slabs centered around z = 1/4 and z = 3/4 consist of
only Eu and As atoms and are comparatively simpler (Figure
7). The Eul atoms have irregular polyhedra of 7 nearest As
atoms around them with dp,,_, being 2.89(1) A, which is the
shortest Eu—As contact in the structure. Such values are not
without a precedent, and match well with as dg,_,, = 2.9 A in
EuAs,”* a binary arsenide with the Na,O,-type structure. The
second shortest ones are d,, a7 = 2.93(1) A and dgyy a6 =
2.95(1) A (Table 3), although the Eu2 atoms have larger
polyhedra of the 9 nearest As atoms around them. The Eu2
polyhedra are more symmetric and have the shape of
monocapped square antiprisms with an average Eu—As
distance greater than 3.1 A. Eu3 atoms have a coordination
environment with CN 8, in the form of square antiprism
(Figure 7b), with the shortest dg,;_x = 3.07(1) A and dgy3_ag
=3.10(1) A (Table 3). Such values compare well with the Eu—
As distances in BugAs, (ca. 3.1 A),** EusAs; (ca. 3.04 A),>
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EuAs, (ca. 3.05 A),*" Eu,As;, (ca. 3.04 A),>* and close to the
sum of the elemental radii (rg, = 1.98 A; r,, = 1.19 A).** The
rest of the dp,_,, values in EuyCr 4As)y are on par or slightly
longer than the Eu—As distances in EuCr,As, (3.22 A), where
the Eu atoms are also coordinated by eight As atoms (Figure
S4)."" The wide range of dg,_j; values is suggestive of the Eu—
As bonding as being intermediate between covalent and ionic.

Electronic Structure. Due to the complexity of the
EuyCri¢As|o crystal structure, a number of simplifications
were employed. The first one was with regard to treating the
Eu states. Assuming that the Eu cations in EugCr 4Asy are
likely present predominantly, or completely, in the 2+ state,
one should consider them as magnetic ions with electron
configuration 4f’. This requires performing calculations for
different starting magnetic arrangements of the Eu** magnetic
moments. In addition, strong electronic correlations of the 4f
electrons have to be taken into account, which is often done by
treating the 4f states with the LDA + U method."" Since such
calculations are hardly feasible for such a complex material, we
treated the Eu 4f orbitals as core states. With the 4f orbitals
being usually highly localized, this simplification is not
expected to have a major impact on the calculation results,
aside from these states ending up missing from the calculated
electronic structure. While this approach is widely used for
compounds of rare-earth metals, we should note that some
important details, such as potential mixed valence of Eu,
occasionally reported for pnictides,”* cannot be captured
when this approximation is used.

With the Eu 4f orbitals being treated as core states, the only
magnetic species to be taken into account in EugCr ¢As g is Cr.
This is the second major point of consideration that required
simplification, since there are 9 symmetry-unique Cr sites in
the structures, resulting in a total of 64 Cr atoms per unit cell.
Even without constructing additional supercells, this leads to
2 possible magnetic structures to consider (of course, this
number is strongly overestimated since many such magnetic
structures will be equivalent by symmetry). Therefore, in this
contribution, we only study the case with a ferromagnetic
starting spin arrangement.

At first, the energy and electron density of EuyCr ¢As;g were
calculated for a nonspin-polarized case with a k-point grid of 2
X 2 X 2. After that, the converged density was used as the
starting electron density for spin-polarized calculations on the
same k-point grid. The starting magnetic moments on all Cr
atoms were set to 2 uy. Finally, for an accurate density of states
(DOS) evaluation, spin-polarized calculations were carried out
with a denser k-point grid of 4 X 4 X 4, starting from the
electron density obtained in the previous round of calculations.

The magnetic moments on the Cr atoms converged to the
following values (in pg): Crl —1.894, Cr2 —1.926, Cr3 1.460,
Cr4 —2.046, CrS 1.370, Cr6 1.663, Cr7 —2.118, Cr8 —1.133,
and Cr9 0.929. Interestingly, despite the fact that the
calculations were started from a ferromagnetic structure, the
resulting magnetic arrangement is ferrimagnetic. Of course, the
found magnetic structure is likely not the actual magnetic
ground state of EuyCr 4As;o but rather a local energy minimum
in the vicinity of the starting ferromagnetic arrangement.
However, the fact that the starting ferromagnetic alignment is
not retained after convergence of the self-consistent cycles
suggests strong inherent antiferromagnetic interactions in the
Cr substructure, which stabilize antiparallel alignment for some
of the magnetic moments.
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Figure 7. (a) Local coordination of the Eul atoms. (b) Local coordination of the Eu2 and Eu3 atoms.
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Figure 8. (a) Total and projected electron density of states (DOS) of EuyCr;4As,. Positive and negative DOS values correspond to the major and
minor spin channels, respectively. (b) Close-up view of the DOS near the Fermi level with the dominant orbital contributions indicated.

The average charge of the Cr ions can be estimated from the
formula EuyCr 4As o, considering that all As atoms should be
assigned as isolated As*~ anions due to the lack of any As—As
bonds. As discussed already, the Eu cations are presumed all to
be Eu®*, which yields a value of 2.44+ per Cr ion. A more
structure-based, site-specific estimation can be obtained by
using the bond-valence sum method,**** with the tabulated
parameters from ref 45. This approach gives the following
bond-valence-sum values for the Cr sites: Crl 2.6, Cr2 3.01,
Cr3 2.88, Cr4 2.69, Cr5 3.18, Cr6 2.35, Cr7 2.7, Cr8 2.81, and
Cr9 2.72.

Both estimations suggest that the formal charge of Cr is
close to 3+, which corresponds to a magnetic moment of 3 iy
(in the absence of strong splitting of the Cr d-orbitals by the
crystal field). The significantly reduced magnetic moments of
the Cr atoms found in our calculations point toward electronic
delocalization or quenching of the localized magnetism via
formation of metal—metal bonds. It is worth noting that the
ordered magnetic moment of Cr in EuCr,As,, determined by
neutron diffraction at 2 K, was also found to be highly reduced
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in comparison with the theoretical high-spin value due to
itinerant antiferromagnetism. tse

The electronic density of states for EugCr 4As)y is shown in
Figure 8. Low-lying states below about E — Ex = —9 eV are
dominated by the As 4s contribution, in line with the presence
of electron lone pairs on the As atoms. Close to Eg, the Cr 3d
states are prevailing. Due to the large number of atomic sites
(and hence, basis set orbitals) in the structure, the DOS
around the Fermi level is highly structured and displays a
number of narrow peaks. The Fermi level crosses one of those
peaks (Figure 8b), which may indicate possible magnetic
instability. In this case, it likely suggests that a more favorable
magnetic arrangement exists with reduced DOS at Ex.

All in all, our calculations show that EuyCr;¢As,, is a metallic
system with a complex magnetic structure, which is yet to be
determined, and a sizable reduction of magnetic moments on
the Cr atoms. The effect of the magnetic Eu substructure on
the overall magnetism of this phase, as well as potential
implications of the uncovered antiferromagnetic interactions in
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the Cr substructure, such as the possibility of magnetic
frustration, should become subjects for future studies.
Magnetic Response. The temperature dependence of the
magnetic susceptibility for a polycrystalline EugCr,4As ;4 sample
measured under magnetic fields of 0.1 and 1 T is shown in
Figure 9. At temperatures above 250 K, the sample exhibits a
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Figure 9. Temperature dependence of the magnetic susceptibility for
EuyCr¢As .

paramagnetic behavior, which is also confirmed by isothermal
magnetization measurements (Figure 10). Several magnetic
transitions are discernible between 2 and 250 K, which can be
especially well visualized by plotting the temperature-depend-
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Figure 10. Isothermal magnetization of EugCr)¢As,o measured at four
different temperatures.
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ent data in the d(yT)/dT form (Fisher’s heat capacity, Figure
9, inset).

Upon cooling, the first apparent magnetic transition takes
place below 234 K, accompanied by a sharp increase in the
magnetic susceptibility with decreasing temperature. This
ferromagnetic-like transition may be of intrinsic origin, and
in such a case, it should putatively be attributed to the Cr
sublattice. However, a similar transition was observed in
multiphase samples of complex chromium arsenides,*”**
where it was ascribed to the presence of a ferromagnetic
impurity, presumably Cr,As; (which must be identical to the
arsenide referred to as “Cr;As,” in the old literature*”). The
latter phase was reported to order ferromagnetically at about
250 K, but deviations from ideal stoichiometry can affect the
transition temperature.”” In the absence of heat capacity
measurements and/or magnetic susceptibility of the single-
crystalline specimen, we cannot conclude whether the
transition at 234 K is intrinsic to the EuyCr 4As;o phase.

Upon further decrease of the temperature, another kink in
the y(T) data occurs at about 123 K. This feature is partially
obscured by the ferromagnetic-like contribution developed
below 234 K. In addition, the 123 K transition becomes less
pronounced at higher magnetic fields. Below 21 K, a slight
bifurcation between the zero-field-cooled (ZFC) and field-
cooled (FC) susceptibility curves is visible under an applied
magnetic field of 0.1 T. This temperature is very close to the
ferromagnetic transition in the Eu sublattice of EuCr,As,," "¢
which could be present as an impurity phase in our sample.
Finally, below 5 K, an antiferromagnetic-like transition occurs,
likely corresponding to magnetic ordering in the Eu sublattice
of EugCr¢As)o. It is worth noting that at all temperatures
below 234 K, a noticeable paramagnetic component is
retained, likely associated with the magnetic Eu species. This
assumption is further corroborated by the fitting of the data, as
discussed below.

Due to a very narrow paramagnetic region in our
measurements (250 K < T < 300 K), it was not possible to
reliably extract the magnetic moment from the high-temper-
ature data. Instead, we used a two-region model to fit the data.
At temperatures between 25 and 220 K, the magnetic
susceptibility data are fitted using the equation

x(25K < T <220K) =y, + C/(T - ©,)

+ (m/H)(1 = T/T)" (1)
where the first term is the temperature-independent con-
tribution, the second term describes the paramagnetic species
still present in this temperature region, while the third term
reproduces the temperature evolution of the ferromagnetic-like
component below T¢. The m parameter in the equation is the
saturation moment, and the S parameter is the critical
exponent. In this description, it is assumed that the
paramagnetic species are independent of the ferromagnetic
component, which is a somewhat crude approximation.

At temperatures above 250 K, the magnetic susceptibility is
described by the following equation

2(T>250K) = 4, + C/(T - ©)) + C,/(T - ©,)
)
The first two terms in this equation are the same as for the

low-temperature part since these contributions are expected to
be present in the high-temperature region as well. The third
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term describes any additional paramagnetic species that
undergo magnetic ordering upon cooling below 250 K.

Since the behavior of the susceptibility curve is difficult to
describe in the near vicinity of magnetic transitions, the
temperature region between 220 and 250 K was not
considered. Furthermore, only the data measured at 1 T
were used for fitting, because the contribution of the 123 K
transition in those data was hardly visible and could be ignored
for the purpose of the fitting. Both temperature regions were
fitted simultaneously. To prevent the fitted parameters from
ending up at a local minimum, global optimization was applied.
Three different global optimization algorithms were used:
differential evolution, dual annealing, and covariance matrix
adaptation evolution strategy (CMA-ES).*>*" For each of the
three methods, the fitting was repeated five times, starting from
random parameters. In all runs and across all used algorithms,
the fitted parameters converged to the same solution,
indicating that a global minimum was likely found. After the
global optimization step, the parameters were additionally
optimized locally. The resulting fit is shown as a solid line in
Figure 9.

The fit yielded the following values: y, = —0.00959 emu/
mol, C; = 56.828 (emu K)/mol, ®; = 10.8 K, m = 5.169 pp/fu,
Tc =228.7 K, f =023, C, = 1.966 (emu K)/mol, and ©, =
236.07 K. The C, value corresponds to a magnetic moment of
21.32 pg/fu. or 7.11 pp/Eu. This moment is slightly lower
than the theoretical value of 7.94 uy for free-ion Eu**. The
origins of this apparent moment reduction are not clear yet; it
could be due to impurities in the sample, although the
presence of some amounts of Eu’" in EuyCri¢As,, and
potential mixed-valent behavior cannot be completely ruled
out. It is worth noting that the reported magnetic moment of
Eu in the compositionally similar EuCr,As, is 7.07 ug,*® which
is also smaller than the expected value for free-ion Eu®'.
Furthermore, the ordered moment of Eu in EuCr,As,
determined by neutron diffraction also appears to be smaller
than the theoretical value for Eu?* (6.2 yig instead of 7.0 yi5).*
Whether partial contributions from crystal electric field effects
or the presence of any amounts of Eu** in EuyCrAs;y (and
EuCr,As,), which could explain the observed reduction of the
moment, remains to be determined. It is clear, however, that in
our EuyCr ¢Asg sample, the paramagnetic component between
25 and 220 K is associated solely with the Eu species, since any
additional paramagnetic contributions would lead to a higher
value of the observed magnetic moment. The ®, value can
then be interpreted as the Weiss temperature for the Eu
sublattice. The small magnitude of the fitted Weiss constant is
consistent with the low ordering temperature of 5 K. The
positive sign of the Weiss constant suggests dominant
ferromagnetic interactions. While the transition at 5 K appears
to be of an antiferromagnetic type, the increasing bifurcation of
the ZFC and FC susceptibility curves with decreasing
temperature, visible in the 0.1 T data, points to some
uncompensated magnetic moment, possibly in the form of
canted antiferromagnetism, which would be consistent with
the presence of some ferromagnetic exchange suggested by the
Weiss constant.

Above 250 K, in addition to the paramagnetic Eu
component, another Curie—Weiss term is present with a fitted
C, value of 1.966 (emu K)/mol, corresponding to 3.97 pug/fu.
or 0.99 p/Cr. Interestingly, the fitted Weiss constant, 236.07
K, is close to the observed ferromagnetic-like transition
temperature and has a positive sign, suggesting a leading
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ferromagnetic exchange. Two explanations can be given to the
observed values. The first possibility is that the Cr sublattice in
EuyCr ¢As,g stays paramagnetic above 250 K, but undergoes a
magnetic ordering at lower temperatures. The relatively small
magnetic moment per Cr atom is in line with our first-principle
predictions.

The second possible explanation is that the Cr species in
EuyCr4As|o order antiferromagnetically above 300 K, while
the paramagnetic component with a small magnetic moment at
temperatures between 250 and 300 K is due to paramagnetic
impurities only. The 234 K transition is then likely associated
with an impurity as well. At the moment, it is not possible to
distinguish between these two possibilities. Larger single
crystals or single-phase powder specimens will be needed for
further analysis. Once such samples are available, high-
temperature magnetization and Mossbauer spectroscopy
measurements can be carried out to gain a deeper insight
into the magnetism of EuyCr;¢As),.

Transport Properties. Due to the difficulty in synthesizing
sizable single crystals for a detailed investigation of its intrinsic
transport properties, we only present the preliminary Seebeck
coefficient S(T) for EuyCr,4As;o. The measurement was carried
out on a single crystal with a longest dimension of about 1.5
mm and in the temperature range of 300—460 K. As shown in
Figure 11, S(T) of EuyCr¢As;, varies from a room
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Figure 11. Evolution of the Seebeck coefficient of EuyCr sAs,y with
the temperature. The different color dots represent the data from
three independent measurements.

temperature value of ca. —50 xV/K at 300 K to ca. —80
uV/K at 460 K, showing an increase of nearly 63% in
magnitude in the small temperature range measured. At
around 340 K, a change in slope can be observed, although the
origin of such an observation is not immediately clear. Here,
we also note that S(T) is negative throughout the temperature
range studied, suggesting that the electrons are the dominant
charge carriers and are involved in the heat transfer
mechanism. Additionally, at 460 K, it is noted that S(T) is
still a decreasing function of T, with no visible sign of
saturation or excitation of minority charge carriers. As such, |
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S(T)! is expected to attain a magnitude much higher at
elevated temperatures.

The calculated electronic structure and the DOS presented
in Figure 8 are supported by the S(T) data, as for a system
which is metallic, one would not normally observe a large
magnitude IS(T)I.>* Yet, the observed EuyCrjcAs;, room
temperature value is an order of magnitude higher than those
of simple metals, and it is akin to those of degenerately doped
semiconductors.””>® Recently, enhanced S(T), with dominant
electron carriers as found in the title phase, have also been
reported in some Fe- and Mn-based oxyarsenides,”* which
are being explored as a potential n-type thermoelectric
material. In this regard, the title compound holds great
promise, as its thermoelectric transport properties could be
optimized through an appropriate doping mechanism. We also
speculate that if a suitable approach to dope EuyCrj4As;o can
be identified, it may further provide for a useful materials
platform to study superconductivity, which is ubiquitous in
chromium-arsenide phases.’*’

One should recall that the DOS curve (Figure 8) is
simplified by treating the 4f electrons as core states, thus
precluding the observation of possible hybridization of the
localized 4f with the conduction electrons near the Fermi level.
Based on the S(T) and the DOS results, one can expect the
electrical resistivity to evolve in a metallic manner, and
subsequent studies are expected to provide more insight into
this. Such studies are also expected to unravel the nature of the
lattice thermal conductivity of the title phase, since its intricate
atomic bonding and the large unit cell volume reported here
are known to drive an ultralow lattice thermal conductiv-
ity.>* 7> Recent studies have also demonstrated the role of
magnetism-mediated thermoelectric transport properties,”’ %
and it remains to be seen how the magnetic order parameter
observed in the title phase will affect its transport properties
within the ordered temperature range.

B CONCLUSIONS

In this report, we present the synthesis and structural
characterization of EuyCr¢As;y, the second only ternary
chromium arsenide with europium known so far. Crystals
were grown by the molten tin flux method, and the complex
crystal structure was established through single-crystal X-ray
diffraction methods. Electronic structure calculations indicate a
metallic system, which was further validated experimentally by
thermopower measurements. While multiple magnetic tran-
sitions were noticed, low-temperature magnetic ordering below
5 K can be related to the antiferromagnetic ordering of Eu?*
with a lower magnetic moment value compared to the
theoretical value for a free-ion 4f' ground state. It is still
unclear whether the paramagnetic contribution above 250 K is
from the Cr** ions or from impurities. The effect of the
magnetic Eu substructure on the overall magnetism of this
phase, as well as potential implications of the uncovered
antiferromagnetic interactions in the Cr substructure, such as
the possibility of magnetic frustration, should become subjects
for future studies.

From the preliminary characterization discussed in the
article, it is apparent that this new arsenide exhibits intricate
structural characteristics, and it presents us with yet another
material’s playground system to explore the interplay between
structural, electronic, and magnetic degrees of freedom that
may be of great interest and beneficial for various applications.
As such, growing larger single crystals would be desired for
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future studies. Coupled with that, high-temperature magnet-
ization and Eu Mossbauer spectroscopy measurements can
provide some clarity regarding the magnetic behavior of the 4f
and 3d metal ions in this system. An approach by replacing Eu
atoms with nonmagnetic Sr seems plausible, and can be
suggested as another follow-up work for the future, which
could potentially yield an isostructural SryCr;4Aso phase with a
simplified magnetic structure. It would also be revealing to
study the effects of the possible magnetic correlations and their
effect on the transport properties.
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